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Abstract 

Background: Insufficient vitamin D status and increased renin-angiotensin system (RAS) activity have been 
associated with renal-vascular disease and nephropathy in diabetes. Accumulating evidence indicates that vitamin 
D receptor (VDR) activation lowers unfavorable RAS activity; however, more human intervention studies evaluating 
whether this mechanism could influence diabetic kidney disease are needed. We previously reported that both 
vitamin D levels and genetic variation at the VDR predict human RAS activity, and that vitamin D therapy can lower 
RAS activity in non-diabetics. The VALIDATE-D study is a randomized, placebo-controlled, intervention study 
designed to extend these findings by evaluating whether direct VDR activation in diabetes lowers circulating and 
local renal-vascular tissue RAS activity (Aims 1 and 2) in a manner similar to the action of ACE inhibitors (Aim 3). 

Methods/Design: Forty subjects with type 2 diabetes, microalbuminuria, and without chronic kidney disease will 
be recruited to undergo detailed assessment of the RAS before and after randomization to calcitriol 0.75 meg/day 
or placebo. Primary analyses will evaluate whether calcitriol therapy reduces circulating and renal-vascular tissue- 
RAS activity in comparison to placebo. All subjects will thereafter be treated with lisinopril and followed for 
3.5 months to evaluate whether combination therapy (calcitriol + lisinopril vs. placebo + lisinopril) additively or 
synergistically improves renal-vascular function, and lowers proteinuria. 

Discussion: The VALIDATE-D study is the first human intervention study to evaluate whether direct VDR activation 
can lower the human RAS in diabetes, compared to the effect of an ACE inhibitor, and whether this mechanism 
can translate to clinically relevant endpoints for diabetic kidney disease. The outcomes of VALIDATE-D will have 
major implications for the recommendation of vitamin D supplementation for the primary prevention of kidney 
complications in diabetes. 

Trial registration: ClinicalTrials.gov, NCTOl 635062 
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Background 

The link between vitamin D and kidney disease, particularly 
in the setting of human diabetes, has received much atten- 
tion [1,2], Observational and limited interventional studies 
have supported a renoprotective benefit to higher vitamin 
D levels and vitamin D supplementation [3-7]; however, 
there is a need for more dedicated human intervention 
studies to confirm these findings. One of the main 
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proposed mechanisms linking vitamin D with renal- 
vascular and kidney disease is regulation of the renin- 
angiotensin system (RAS) [8,9]. Since both of these 
hormonal systems have complex genetic and environ- 
mental regulatory steps (Figure 1), carefully controlled 
interventional studies that evaluate both mechanisms 
of action and clinical outcomes are needed to distin- 
guish the hormonal interplay that is likely involved for 
vitamin D therapy to influence kidney disease. 

Both excess activity of the renin-angiotensin system 
(RAS) and insufficient vitamin D status have been impli- 
cated in the development of renal-vascular disease that 
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Figure 1 The proposed interaction between vitamin D and RAS metabolism. Renin catalyzes the conversion of angiotensinogen to 
angiotensin I, which is further converted to the vasoactive peptide angiotensin II. Angiotensin II is a direct vasoconstricter, and can also ilicit 
aldosterone secretion from the adrenal cortex. Under physiologic situations, activation of the RAS in response to renal-vascular hypo-perfusion 
serves to increase blood pressure and renal salt retention. However, in pathologic states (such as in diabetes and obesity), inappropriately high 
RAS activity contributes to vascular and kidney diseases. Vitamin D3 is largely produced in the skin with exposure to ultraviolet radiation, but may 
also be ingested orally. This precursor is hydroxylated to 25-hydroxyvitamin D (25[OH]D) and 25(OH)D serves as the stable barometer of clinical 
"vitamin D status." Under the control of parathyroid hormone and calcium status, 25(OH)D can be hydroxylated to form the active vitamin D 
receptor (VDR) agonist 1,25-dihydroxyvitamin D (l,25[OH]2D). Activation of the VDR by l,25(OH)2D is known to influence the regulation and 
expression of a myriad of genes, including renin. 

V ) 



results in diabetic nephropathy [1,2,10]. The RAS can 
mediate renal-vascular disease via its circulating compo- 
nents, and additionally the locally expressed renal- 
vascular tissue-RAS also contributes to the development 
of kidney disease [11,12]. Excess renal- vascular tissue- 
RAS activity has been implicated in the development of 
diabetic nephropathy; RAS inhibitors [13-15], as well as 
favorable vitamin D status [5,16,17], may mitigate this 
effect. 

Animal studies have shown that the activation of the 
vitamin D receptor (VDR) by 1,25-dihydroxyvitamin D 
(1,25 [OH] 2D) negatively regulates renin expression and 
thereby lowers RAS activity [9,18] (Figure 1). In mouse 
models of diabetes, both VDR-agonists and RAS- 
inhibitors blunted the development of diabetic nephropa- 
thy when given alone, but the combination (VDR-agonist -h 
RAS -inhibitor) synergistically prevented the development of 
diabetic nephropathy via down-regulation of the renal- 
vascular tissue-RAS [19-21]. We, and others, have reported 
findings that translate these animal experiments to humans: 
the combination of vitamin D levels and genetic variation at 
the human VDR predicts RAS activity [22-24]. Large obser- 
vational studies have shown that the prevalence of chronic 
kidney disease and proteinuria (a marker of kidney disease 
progression) are associated with lower 25(OH)D levels 



[3,25,26]. Due to their cross -sectional design, these afore- 
mentioned studies could not reveal causality or confirm the 
mechanism linking vitamin D-VDR interactions and renal 
outcomes. A few human interventions have demonstrated 
that VDR agonists may reduce proteinuria [2,7], but these 
studies were confined to populations with established 
chronic kidney disease (CKD), and evaluation of the RAS 
was not undertaken. We recently completed a pilot human 
intervention study in non-diabetics without CKD that dem- 
onstrated that high-dose vitamin D3 therapy improved 
renal-vascular hemodynamics by lowering renal-vascular 
tissue-RAS activity [5]. This latter effect was similar to that 
induced by an angiotensin converting enzyme (ACE) inhibi- 
tor, thereby further supporting a renoprotective effect of 
vitamin D therapy [5]. 

In light of these novel human results translated from 
animal experiments, we hypothesize that activation of 
the VDR represents a method to lower renal-vascular 
tissue-RAS activity in human diabetes, and could 
therefore play an important role in the primary pre- 
vention of diabetic nephropathy. We therefore designed 
the VALIDATE-D study: an ongoing randomized, double- 
blinded, placebo-controlled study to assess whether direct 
VDR activation: Aim 1) lowers circulating RAS activity in 
human diabetes; Aim 2) lowers renal-vascular tissue-RAS 
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activity in human diabetes; and Aim 3) in combination 
with ACE inhibition, exerts an additive or synergistic ef- 
fect on the renal-vascular tissue-RAS and proteinuria. 

Methods/Design 

Study population and recruitment 

The VALIDATE-D study will enroll 40 adults, aged 
18-70 years, with Type 2 diabetes (T2DM), microalbuminuria, 
and without known CKD (estimated glomerular filtration 
rate > 60 mL/min). Subjects will be recruited from the 
local community and from the outpatient clinics of the 
Division of Endocrinology, Diabetes, and Hypertension 
within the Department of Medicine at Brigham and 
Women's Hospital, Boston, USA, Eligibility will be assessed 
at an in-person screening visit involving detailed history, 
physical examination, and laboratory assessment. 

Inclusion criteria include T2DM that is controlled with 
diet, oral hypoglycemic agents, incretin analogues, or a 
single basal insulin injection; microalbuminuria; normal 
blood pressure or stage 1 hypertension treated with 0-1 
antihypertensive agents; and normal blood cell counts, 
liver function, and electrocardiogram. 

Exclusion criteria include CKD (glomerular filtration 
rate < 60 mL/min); poorly controlled T2DM (defined as 
HbAlc > 8.5% or the use of >1 daily insulin injection or 
a history or retinopathy); stage 2-3 hypertension or the 
use of more than one antihypertensive agent; kidney 
stones, parathyroid or granulomatous disorders, liver or 
heart failure, or coronary artery disease or congestive heart 
failure or cerebrovascular accidents. All subjects provide 
informed consent, and all study procedures have been ap- 
proved by the Brigham & Women's Hospital institutional 
and ethics board as well as the Brigham and Women's 



Hospital Center for Clinical Investigation. Recruitment was 
initiated in September 2012 and is expected to be com- 
pleted by September 2016. 

Study protocol overview 

A detailed study schema is shown in Figure 2. All study 
visits will occur in the Clinical Research Center (CRC) at 
Brigham and Women's Hospital. Studies will be performed 
in the CRC in order to control posture, time of day, dietary 
intake, and medication administration, since all of these 
factors are known to influence RAS activity. In brief, de- 
tailed profiling of the RAS will be performed at baseline 
before any intervention (Visits 2 & 3), again after 
double-blinded randomization to calcitriol or placebo 
(Visits 5 & 6) to assess whether calcitriol lowers RAS 
activity, and again after the addition of lisinopril to the 
blinded study drug to assess for an additive or synergistic 
relationship between VDR-agonist and ACE inhibitor 
therapy on the RAS and proteinuria (Visits 8 & 13). 

Washout 

It is well known that many medications interfere with 
physiologic RAS responses or with the assays that meas- 
ure the RAS. To optimize the reliability and accuracy of 
RAS measurements, medications that interfere with RAS 
assessments will be withdrawn. Subjects using RAS inhibi- 
tors (such as angiotensin converting enzyme [ACE] inhibi- 
tors, angiotensin receptor blockers, or mineralocorticoid 
receptor antagonists) will stop their medications for 
2 months prior to study. Subjects using beta-blockers or 
diuretics will stop their medications for 1 month prior to 
study, whereas those on calcium channel blockers will 
stop for 2 weeks prior to study. Medication washout will 
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Figure 2 VALIDATE-D study schema: subjects will be screened and then may undergo a medication washout to withdraw interfering 
anti-hypertensive medications (when applicable). Aim 1: The circulating RAS will be assessed on LS diet before and after randomization to 
calcitriol/placebo (visits 2 & 5). Aim 2: The renol-vosculor tissue-RAS will be assessed on HS diet before and after calcitriol/placebo (visits 3 
& 6). Aim 3: All subjects will then receive lisinopril 5 mg/d in addition to calcitriol/placebo to assess the impact of combination therapy 
(calcitriol + lisinopril vs. placebo + lisinopril) on the renal-vascular tissue-RAS (visits 6 & 8) and proteinuria (visits 6, 8, 1 3). Serum calcium 
and phosphate will be monitored weekly throughout the study for safety, at each visit and at designated safety checks (visits 4, 7, 9-12). 
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be supervised by a study staff based on previously de- 
scribed safety protocols [5] after providing and instructing 
each subject on how to use a home sphygmomanometer. 
As previously described, in cases where hypertension 
(159/99 mmHg) results following withdrawal of an antihy- 
pertensive medication, amlodipine will be used to lower 
blood pressure as it has a neutral effects on RAS activity. 

Study diets 

All study procedures will be conducted using one of two 
specifically designed study diets. 

Low-salt diet 

The low salt (LS) diet includes 10 mEq of sodium, 
100 mEq of potassium, and <600 mg of calcium per day. 
The purpose of this diet is to induce maximal stimula- 
tion of RAS components to allow for adequate measure- 
ments of the circulating RAS, Subjects will consume the 
LS diet for 1 week prior to study visits where the circu- 
lating RAS will be measured (Visits 2 and 5). All daily 
meals and food intake during the LS dietary phase will 
be prepared and provided to study participants by the 
CRC dietary kitchen staff. 

High-salt diet 

The high sat (HS) diet includes 200 mEq of sodium, 
50 mEq of potassium, and <600 mg of calcium per day. 
The purpose of this diet is to induce maximal suppres- 
sion of the circulating RAS components in order to most 
effectively measure the renal-vascular tissue-RAS, as 
previously described [5,17]. Subjects will consume the 
HS diet for 1 week prior to study visits where the renal- 
vascular tissue-RAS will be evaluated (Visits 3, 6, and 8). 
The HS diet involves consumption of an ad lib diet, with 
supplements provided to achieve the sodium and potas- 
sium contents. 



Low calcium diet 

Subjects will be instructed and taught to restrict dietary 
calcium intake during the LS and HS dietary phases 
(<600 mg/day), and also during the duration of the study 
in between study visits (<1000 mg/day). The purpose of 
calcium restriction is to minimize the risk of hypercalce- 
mia and hyperphosphatemia associated with calcitriol 
administration; this risk is negligible in the context of 
low dietary calcium intake [27-29]. A registered dietician 
will coach subjects throughout the study on restricting 
calcium intake and will provide materials to guide diet- 
ary intake at home (Dietary Calcium Intake Recommen- 
dations Additional file 1). Compliance with study diets 
will be confirmed by 24-hour urine collections obtained 
at every study visit. 



Baseline assessments of the circulating and renal-vascular 
tissue-RAS (Visits 2 & 3) 

After a screening visit (Visit 1) and a potential antihy- 
pertensive washout phase, all subjects will undergo base- 
line assessments to characterize the circulating and 
renal-vascular tissue-RAS. 



Circulating RAS on LS diet (Visit 2) 

Study visit 2 is designed to measure the baseline circulat- 
ing RAS under conditions designed to induce maximal 
stimulation of the circulating RAS: restricted dietary so- 
dium intake and upright posture. After one week of LS 
diet consumption, subjects are studied at 8 AM in the 
morning (Figure 2). Subjects will maintain an upright 
standing posture for at least 1 hour. Blood samples are 
obtained at the end of the postural phase to measure 
circulating RAS components (plasma renin activity, 
angiotensn II, aldosterone). 

Renal-vascular tissue-RAS on HS diet (Visit 3) 

Study visit 3 is designed to assess baseline renal-vascular 
tissue-RAS activity by measuring changes in renal 
plasma flow (RPF) in response to an infusion of exogen- 
ous angiotensin II. Angiotensin II is a vasopressor that 
specifically interacts with angiotensin receptors to in- 
duce renal-vascular vasoconstriction resulting in a de- 
crease in RPF. The magnitude of the decline in RPF to 
angiotensin II is inversely related to renal-vascular 
tissue-RAS activity (Figure 3); greater renal -vascular re- 
sponses to angiotensin II signify lower local tissue-RAS 
activity [5,30,31]. Using this physiologic methodology. 



Renal-Vascular 
Response to Angll 




Figure 3 Reciprocal relationship between renal-vascular tissue- 
RAS activity and the renal-vascular response to angiotensin II. 

A blunted response to angiotensin II reflects a high level of local, 
endogenous, renal-vascular tissue-RAS activity (the smaller the 
decline in renal plasma flow in response to an infusion of 
angiotensin II, the greater the activity of the local renal-vascular 
tissue-RAS). Conversely, a robust response to angiotensin II is 
observed when tissue-RAS activity is low. 
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measurement of RPF responses to angiotensin II provide 
an indirect method to assess the human renal-vascular 
tissue-RAS. 

To adequately measure the renal-vascular tissue-RAS, 
subjects are studied on a HS diet and in overnight su- 
pine posture to suppress endogenous circulating RAS 
components, thereby amplifying measurable RPF re- 
sponses to angiotensin II [32]. After completing one 
week of HS diet, subjects will be admitted to the CRC 
and maintained supine overnight and throughout the 
study procedures on the following morning. In the 
morning, two intravenous lines will be placed to facili- 
tate infusion of study drugs and frequent blood sam- 
pling. Weight-based j^^^^ra-aminohippurate (PAH) will 
then be infused and its clearance used to measure RPF 
throughout the duration of the study visit [5]. After 
allowing PAH concentrations to reach a steady state over 
60 minutes, blood will be sampled to establish the base- 
line RPF. Angiotensin II will then be infused at 0.3 ng/ 
kg/min for 45 minutes and escalated to 1 ng/kg/min for 
an additional 45 minutes to assess dose-response char- 
acteristics. PAH will be measured during and after each 
angiotensin II infusion to measure RPF dynamics. Blood 
pressure will be monitored closely throughout the infu- 
sions based on standardized safety protocols [5] that we 
have extensive experience performing in our CRC. The 
study visit will end upon completion of the angiotensin 
II infusions, and subjects will be discharged to undergo 
randomization to the study drug. 

Randomization to study drug 

Following study visit 3, subjects will be randomized to ei- 
ther calcitriol 0.75 meg/day or placebo arm using a 2 block 
randomization. Double-blinded randomization will be 
performed by the investigational drug pharmacy at our in- 
stitution, and neither the subjects nor the investigators will 
know the identity of the randomized study drug. 

The influence of calcitriol on the RAS (Visits 5 & 6) 
Circulating RAS on LS diet (Visit 5) 

After 2 weeks of daily calcitriol or placebo, subjects will re- 
turn on LS diet and complete visit 5, which is identical to 
visit 2. Aim 1 of this study (to assess whether direct VDR 
activation lowers circulating RAS activity in human dia- 
betes) is executed in study visits 2 and 5. Anticipated Re- 
sults: It is anticipated that calcitriol therapy will lower 
circulating RAS components (plasma renin activity and 
angiotensin II) when compared to placebo, demonstrating 
for the first time that VDR agonism can inhibit the circu- 
lating RAS in human diabetes. 

Renal-vascular tissue-RAS on HS diet (Visit 6) 

After a third week on the study drug, subjects will return 
on HS diet for an overnight CRC study visit 6, that is 



identical to Visit 3. This visit will permit assessment of 
study Aim 2 (to assess whether direct VDR activation 
lowers renal-vascular tissue-RAS activity in human 
diabetes) by comparing the renal-vascular tissue-RAS 
activity before and after calcitriol/placebo. Anticipated 
Results: It is anticipated that calcitriol therapy will 
raise basal RPF and increase the RPF sensitivity to 
angiotensin II, thereby demonstrating that VDR activa- 
tion improves renal-vascular hemodynamics by lower- 
ing local renal-vascular RAS activity in human diabetics 
without CKD. 



The influence of combination VDR-agonist and ACE 
inhibitor therapy on the renal-vascular tissue RAS (Visit 8) 

Upon completing study visit 6, all subjects will receive 
lisinopril (initially 2.5 mg daily, which will be increased 
to 5 mg daily after one week, unless blood pressures are 
below 90/50 mmHg or subjects experience orthostatic 
symptoms) in addition to their randomized study drug 
(Figure 2). After 2 weeks of daily combined therapy 
(calictirol + lisinopril or placebo + lisinopril), subjects will 
return on the HS diet for a final inpatient CRC visit that 
is identical to study visits 3 & 6. Comparing the out- 
comes of study visits 6 and 8 will permit evaluation of 
Aim 3 of this study (to assess whether direct VDR acti- 
vation in combination with ACE inhibition exerts an 
additive or synergistic effect on the renal-vascular tissue- 
RAS and proteinuria). Anticipated Results: Combination 
therapy (calcitriol + lisinopril) will additively or synergis- 
tically raise RPF and increase the RPF sensitivity to 
angioensin II infusion, reflecting decreased renal-vascular 
tissue-RAS activity when compared to placebo + lisinopril. 

The influence of chronic combination therapy on 
proteinuria (Visit 13) 

Following completion of study visit 8, subjects will be 
discharged home to continue both the study drug and 
lisinopril for three months of long-term therapy (Figure 2). 
For the final visit of the study, subjects will return after one 
week of HS diet with a completed 24-hour urine collection, 
which will be analyzed for protein. The 24-hour urine pro- 
tein measured at this visit will be compared using repeated 
measures analyses to the urine protein levels obtained from 
24-hour urine collections completed at each inpatient visit 
on HS dietary balance (visits 3, 6, 8). Anticipated Results: 
Combination therapy (calcitriol + lisinopril) will additively or 
synergistically lower proteinuria when compared to 
placebo + lisinopril, thereby paralleling prior animal 
studies that showed that the combination of VDR 
agonist + conventional RAS inhibitor therapy induced 
synergistic renoprotective benefits in mouse models of 
diabetes [19-21]. 
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Safety & monitoring 
Calcium/Phosphate 

To minimize the risk of hypercalcemia due to calcitriol, 
all subjects will undergo laboratory evaluation of serum 
calcium and phosphate at 1-3 week intervals throughout 
the study duration, including at the aforementioned 
study visits and additionally at designated safety visits 
(visits 4, 7, 9-12). If calcium or phosphate rises above 
the upper limit of normal, the test will be repeated in 
3 days and subjects will be counseled by our dedicated 
study dietician on adherence to a low calcium diet (Diet- 
ary Calcium Intake Recommendations Additional file 1). 
If calcium or phosphate levels remain elevated, or the 
calcium-phosphate product exceeds 50, the dose of study 
drug will be reduced by one third. Based on several prior 
studies that have employed chronic VDR- agonist therapy 
in combination with lowered dietary calcium intake, our 
dosing and study duration are unlikely to invoke hyper- 
calcemia or hyperphosphatemia [27-29]. 

Blood pressure 

During PAH and angiotensin II infusion, blood pressure 
(BP) will be monitored every 2 minutes using an auto- 
mated sphyngomanometer. An increase in BP is an 
expected effect of angiotensin II infusion, and the follow- 
ing protocol has been used safely in over 1500 subjects 
[5]. The 0.3 ng/kg/min dose was selected because it does 
not induce a pressor effect but still influences renal- 
vascular hemodynamics [30], and the 1 ng/kg/min dose 
was selected because it has previously been shown to in- 
duce minimal BP elevations well within a safety range 
[5,30]. A study physician will supervise all angiotensin II 
infusions as previously described [5]. 

All subjects will monitor their BP daily with a home 
sphygmomanometer while on the washout phase (when 
applicable) and while on lisinopril and will communicate 
their readings to study staff twice weekly. Study staff will 
monitor for unsafe high BP during the washout period 
(> 159/99 mmHg) or unsafe hypotension during lisinopril 
treatment (<90/50 mmHg). Subjects who develop high 
BPs during the washout period may be treated with 
amlodipine which has a neutral effect on RAS compo- 
nents. Subjects who develop low BPs on lisinopril may 
have their dose reduced 50%, however, if a 2.5 mg daily 
dose is not tolerated, subjects will be removed from the 
study. 

Blood glucose 

Subjects will be asked to check their home blood glucose 
daily, and study staff will monitor their glycemic control 
throughout the study. If fasting morning blood glucose is 
consistently >150 mg/dL, medications will be adjusted by 
a study physician. Such adjustments include increasing 



the dose of a home medication or adding a second oral 
hypoglycemic agent. 

Lipids 

Any subject who has a screening LDL cholesterol greater 
than 100 mg/dL, will either be prescribed simvastatin 
20-40 mg daily, or if already taking a statin medication, 
have their pre-existing statin dose increased, to remain 
consistent with clinical standards of care for diabetes. 

Laboratory measurements 

25(OH)D (Diasorin, Inc., Stillwater, MN), l,25(OH)2D 
(Diasorin), parathyroid hormone (Beckman Coulter, 
Fullerton, CA), and serum and urine electrolytes (including 
calcium and phosphate) will be measured at baseline at all 
visits. Components of the circulating RAS, including plasma 
renin activity (Diasorin) and aldosterone (Siemens, Los 
Angeles, CA), will be measured from samples drawn in 
upright and supine posture (Visits 2, 5, 13) and before 
and during angiotensin II infusion (Visits 3, 6, 8) [5]. 
For assessment of RPF, /?<3^ra-aminohippurate will be mea- 
sured in triplicate at steady-state and during angiotensin 
II infusion and will then be adjusted by body surface area 
in all RPF calculations (Visits 3, 6, 8). 

Statistical analyses 
Sample size calculations 

Sample size calculations were made using our prior data 
evaluating the impact of vitamin D on the systemic [23] 
and renal-vascular tissue-RAS [5] by paired analyses 
with an alpha-error of 0.05. For Aim 1, prior data sug- 
gest that therapy with a VDR agonist could reduce 
plasma renin activity, a measure of the circulating RAS, 
by 1 ng/mL/hr (SD = 0.54). A minimum of 5 subjects 
would be required in each study arm for a paired com- 
parison to detect this difference with a power of 0.9. In 
our pilot intervention study, we demonstrated an effect 
of vitamin D therapy on the renal-vascular tissue-RAS 
(Aims 2 & 3) in a sample of 14 subjects. To account for 
underestimation of sample-size, variability in measure- 
ments, and to permit non-paired comparisons, we in- 
tend to study 20 subjects in each intervention group. 

Outcomes 

Paired and repeated measures analyses will be used to 
evaluate intra-individual changes in the circulating RAS, 
RPF responses to angiotensin II infusion (i.e. renal- 
vascular tissue-RAS), and urine protein levels. Non- 
paired comparisons will be used to evaluate changes in 
these parameters between the calcitriol and placebo 
groups. A two-tailed P-value < 0.05 will be considered 
statistically significant. 
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Discussion 

The VALIDATE-D study is a unique randomized and 
double-blinded human intervention study that is designed 
to elucidate the mechanism by which vitamin D therapy 
may impart renoprotective benefits in diabetes. Vitamin D 
metabolism and regulation of the RAS are complex pro- 
cesses that involve multiple genes, gene-products, and 
environmental inputs (Figure 1); the genetic variation, 
dietary intake, and other environmental exposures for 
each individual have been shown to alter the balance 
of each of these hormonal systems [33-35]. In this re- 
gard, using supplementation with vitamin D3 in an 
intervention study to induce a clinical outcome that is 
mediated by the interaction between l,25(OH)2D and 
the VDR (such as RAS inhibition to influence renal- 
vascular function) is analogous to administering a pre- 
or pro-drug that is dependent on multiple subsequent 
enzymatic steps, each regulated and modified by genet- 
ics and environment. The strengths of the VALIDATE- 
D study are that it focuses on overcoming this individ- 
ual variability by investigating the influence of direct 
VDR-agonist therapy in modulating RAS activity and 
renal-vascular function, and employs a meticulous de- 
sign to evaluate the underlying mechanism of potential 
findings (regulation of RAS activity). 

Increasing evidence highlights a relationship between 
vitamin D and the RAS, with relevant implications for 
renal-vascular and kidney disease [1,36]. Lowering un- 
favorable RAS activity has known vascular benefits in 
diabetes [37], and the use of RAS inhibitors is common 
practice to prevent or delay the progression of diabetic 
nephropathy. Animal studies have elegantly shown that 
activating the VDR results in lowering of the renal- 
vascular tissue-RAS, and that this interaction translates 
to reduced kidney injury, particularly in the setting of ani- 
mal models of diabetes [19-21]. While human studies often 
focus on influencing clinical outcomes by supplementing 
with vitamin D3 [5,38], research studies that employ direct 
VDR-agonists may be most effective at invoking VDR- 
mediated effects such as RAS modulation [2,39]. The 
advantage of using direct VDR-agonists in intervention 
studies is that they likely maximize any effect mediated by 
the VDR, eliminate inter-individual variations in vitamin D 
metabolism, and may influence clinical outcomes in a 
shorter duration of time than would take with vitamin D3 
supplementation. The disadvantage of using VDR-agonists 
is that they are not commonly used in individuals without 
CKD and therefore direct clinical translation of study find- 
ings is limited; however, positive findings would support 
any therapy (vitamin D3 or VDR-agonist) that raises 1,25 
(OH)2D levels or activates the VDR as an equal surrogate. 

The results of the VALID ATE-D study wfll shed light 
on: 1) the mechanism by which VDR activation influ- 
ences renal-vascular function in human diabetes (via 



modulation of the RAS), and 2) whether VDR activation 
modulates renal hemodynamics and proteinuria in hu- 
man diabetes. These findings would not only carry major 
implications for the recommendation of vitamin D sup- 
plementation in the primary prevention of diabetic ne- 
phropathy, but they could help interpret the findings of 
many other studies that evaluated clinical outcomes of 
vitamin D therapy without accounting for the mecha- 
nisms involved. In this regard, the VALID ATE-D study 
may explain the reasons prior negative studies failed 
to see outcomes and why positive studies may have 
succeeded. 

At least three unique findings will emerge from the 
VALIDATE-D study. First, this intervention study will 
conclusively evaluate whether vitamin D therapy lowers 
the circulating human RAS. By using direct VDR ago- 
nists and a meticulous study design to account for con- 
founders of the RAS (diet, posture, medications, time of 
day), this study will investigate whether calcitriol therapy 
lowers the maximally stimulated RAS on a LS diet in 
comparison to placebo. Second, this study wiU evaluate 
whether direct VDR activation improves renal-vascular 
hemodynamics by increasing renal blood flow and the 
renal-vascular sensitivity to angiotensin II; both of these 
observations are consistent with reductions in the renal- 
vascular tissue-RAS as would be induced by an ACE in- 
hibitor. The study design includes a comparison of 
renal-vascular hemodynamics (while the circulating RAS 
is suppressed on a HS diet) during treatment with 
calcitriol vs. placebo, and then again during treatment 
with calcitriol + lisinopril vs. placebo + lisinopril (Figure 2). 
In this regard, the study design is optimized to decipher 
the individual role of VDR activation, and the effect of 
combining VDR activation with conventional RAS inhib- 
ition, since this combination therapy has been shown to 
provide synergistic renoprotection in animal models of 
diabetes [19-21]. The assessment of the renal-vascular 
tissue-RAS in humans is a unique and defining aspect of 
this study protocol. The renal vasculature is specifically 
sensitive to the effects of angiotensin II, and the magni- 
tude of renal-vascular responses to angiotensin II is in- 
versely proportional to the degree of local tissue-RAS 
activity [5,11,16]. High endogenous tissue-RAS activity re- 
sults in a blunted local sensitivity to the effect of angioten- 
sin II, while inhibiting the local renal-vascular tissue-RAS 
(for example with an ACE inhibitor) improves the renal- 
vascular sensitivity to angiotensin II [30] (Figure 3). There- 
fore, our ability to measure renal hemodynamics via 
/7<3^ra-aminohippurate clearance permits us to object- 
ively ascertain the state of the renal-vascular tissue- 
RAS in response to drug intervention (calcitriol, lisinopril, 
placebo) and in response to provocation by angiotensin II. 
Lowering renal-vascular tissue-RAS activity in pathologic 
states such as diabetes and obesity with conventional 
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pharmacotherapy (ACE inhibitor or angiotensin receptor 
blocker) has shown efficacy for the primary prevention of 
diabetic nephropathy [15,40,41]. Thirdly, the impact of 
adding chronic VDR-agonist therapy to ACE inhibitor 
therapy on proteinuria will be assessed. Since the study 
population is strategically selected to have diabetes with- 
out CKD, together these study findings will have implica- 
tions for recommending vitamin D supplementation to 
lower unfavorable RAS activity for the primary prevention 
of diabetic nephropathy. 

We have previously shown in a pilot study that high- 
dose vitamin D3 therapy to markedly raise l,25(OH)2D 
concentrations can lower renal-vascular tissue-RAS ac- 
tivity in non-diabetics with normal renal function [5]. 
Like an ACE inhibitor, this intervention induced a favor- 
able state of low tissue-RAS resulting in increased renal- 
vascular sensitivity to angiotensin II [5]. The VALIDATE-D 
study will extend these findings by employing a double- 
blinded randomization, employing direct VDR agonist 
therapy, and focusing on patients with diabetes without 
CKD. In prior clinical studies of secondary prevention in 
diabetes with pre-existing CKD, direct VDR agonists 
(calcitriol and paracalcitol) reduced proteinuria [7,42-45]; 
whether this effect was mediated by the RAS, or could be 
extrapolated for the primary prevention of diabetic ne- 
phropathy, are questions that the VALIDATE-D study will 
clarify. 

VALIDATE-D is the first human study to investigate 
whether vitamin D therapy to activate the VDR can 
lower circulating and renal-vascular tissue-RAS activity 
in diabetics without CKD. This study is designed to spe- 
cifically focus on whether modulating the RAS repre- 
sents a key mechanism by which vitamin D intervention 
impacts renal-vascular hemodynamics and kidney function. 
In this regard, VALIDATE-D will provide evidence that 
may influence clinical recommendations for maintaining 
vitamin D status for the primary prevention of diabetic 
nephropathy. In addition, VALIDATE-D will examine 
whether the action of potent VDR agonist therapy 
complements the known beneficial effects of ACE in- 
hibition, as has been observed in animal models [19]. 
If so, the results of VALIDATE-D could influence 
pharmacologic practices by favoring vitamin D3 sup- 
plementation instead of, or in addition to, ACE inhibi- 
tor therapy for patients with diabetes. 

Additional file 



Additional file 1: Dietary Calcium Intake Recommendations. 



Competing interests 

The authors affirm they have r^o competir^g interests. 



Authors' contributions 

AV developed the study design and concept and is involved in the conduct 
and supervision of the study as the principal investigator. JMB and JSW 
contributed to the study design and study conduct. KS is involved in 
recruiting subjects and providing study coordination and dietary input. All 
authors contributed to the writing and editing of this manuscript. 

Authors' information 

The authors have unique experiences in conducting human physiology 
studies such as the one described here. AV and JSW have nearly ten years of 
experience designing and performing human research focused on the renin- 
angiotensin sytem and calcium-regulatory hormones. This includes research 
protocols with detailed dietary control and modulation of hormones using 
Clinical Research Center Resources. AV, JSW, and JMB have published on 
interactions between the renin-angiotensin system and calcium-regulatory 
hormones, and their reputation in this field has resulted in invitations to give 
regional and national talks on this topic. 

Acknowledgements 

We are grateful to the CRC staff and our study participants. 
Funding sources 

Research reported in this publication was supported by a Harvard Catalyst 
Clinical Research Center Resources and Services Grant, and the National 
Heart, Lung, And Blood Institute of the National Institutes of Health under 
Award Number K23HL1 1 1 771 . The content is solely the responsibility of the 
authors and does not necessarily represent the official views of the National 
Institutes of Health. 

Received: 12 August 2013 Accepted: 22 August 2013 
Published: 23 August 2013 

References 

1. Vaidya A, Williams JS: The relationship between vitamin D and the renin- 
angiotensin system in the pathophysiology of hypertension, kidney 
disease, and diabetes. Metabolism 2012, 61:450-458. 

2. Vaidya A, Forman JP: Vitamin D and vascular disease: the current and 
future status of vitamin D therapy in hypertension and kidney disease. 
Cun Hypertens /?ep 201 2, 1 4:1 1 1 -1 1 9. 

3. de Boer IH, loannou GN, Kestenbaum B, Brunzell JD, Weiss NS: 25-Hydroxyvitamin 
D levels and albuminuria in the third national health and nutrition 
examination survey (NHANES III). Am J Kidney Dis 2007, 50:69-77. 

4. de Boer IH, Sachs MC, Cleary PA, Hoofnagle AN, Lachin JM, Molitch ME, 
Steffes MW, Sun W, Zinman B, Brunzell JD, et al: Circulating vitamin D 
metabolites and kidney disease in type 1 diabetes. J Clin Endocrinol 
Metab 2012, 97(1 2):4780-4788. 

5. Vaidya A, Sun B, Larson C, Forman JP, Williams JS: Vitamin D3 therapy 
corrects the tissue sensitivity to angiotensin ii akin to the action of a 
converting enzyme inhibitor in obese hypertensives: an interventional 
study. J Clin Endocrinol Metab 2012, 97:2456-2465. 

6. Huang Y, Yu H, Lu J, Guo K, Zhang L, Bao Y, Chen H, Jia W: Oral 
supplementation with cholecalciferol 800 lU ameliorates albuminuria in 
Chinese type 2 diabetic patients with nephropathy. PLoS One 2012, 
7:e50510. 

7. de Zeeuw D, Agarwal R, Amdahl M, Audhya P, Coyne D, Garimella T, 
Parving HH, Pritchett Y, Remuzzi G, Ritz E, et al: Selective vitamin D 
receptor activation with paricalcitol for reduction of albuminuria in 
patients with type 2 diabetes (VITAL study): a randomised controlled 
trial. Lancet 2010, 376(9752):1 543-1 551. 

8. Vaidya A, Forman JP: Vitamin D and hypertension: current evidence and 
future directions. Hypertension 2010, 56:774-779. 

9. Li YC, Kong J, Wei M, Chen ZF, Liu SQ, Cao LP: 1,25-Dihydroxyvitamin D(3) 
is a negative endocrine regulator of the renin-angiotensin system. J Clin 
Invest 2002, 110:229-238. 

10. Damasiewicz MJ, Magliano DJ, Daly RM, Gagnon C, Lu ZX, Sikaris KA, 
Ebeling PR, Chadban SJ, Atkins RC, Kerr PC, et al: Serum 25-hydroxyvitamin 
D deficiency and the 5-year incidence of CKD. Am J Kidney Dis 2013, 
62(1):58-66. 

1 1 . Bader M: Tissue renin-angiotensin-aldosterone systems: targets for 
pharmacological therapy. Annu Rev Pharmacol Toxicol 2010, 50:439-465. 



Brown et at. BMC Endocrine Disorders 2013, 13:33 
http://www.bionnedcentral.conn/1472-6823/13/33 



Page 9 of 9 



12. Hayden MR, Sowers KM, Pulakat L, Joginpally T, Krueger B, Whaley-Connell 
A, Sowers JR: Possible mechanisms of local tissue Renin-Angiotensin 
system activation in the cardiorenal metabolic syndrome and type 2 
diabetes mellitus. Cardiorenal Med 201 1, 1(3):1 93-210. 

13. Mallamaci F, Ruggenenti P, Perna A, Leonardis D, Tripepi R, Tripepi G, 
Remuzzi G, Zoccali C, Group RS: ACE inhibition is renoprotective among 
obese patients with proteinuria. J Am Soc Nephrol 201 1 , 22:1 1 22-1 1 28. 

14. Vejakama P, Thakkinstian A, Lertrattananon D, Ingsathit A, Ngarmukos C, 
Attia J: Reno-protective effects of renin-angiotensin system blockade in 
type 2 diabetic patients: a systematic review and network meta-analysis. 
Dlabetologla 2012, 55:566-578. 

15. Ruggenenti P, Fassi A, llieva AP, Bruno S, lliev IP, Brusegan V, Pubis N, 
Gherardi G, Arnoldi F, Ganeva M, et al: Preventing microalbuminuria in 
type 2 diabetes. N Engl J Med 2004, 351:1941-1951. 

16. Vaidya A, Forman JP, Williams JS: Vitamin D and the vascular sensitivity to 
angiotensin II in obese Caucasians with hypertension. J Hum Hypertens 
2011,25:672-678. 

17. Forman JP, Williams JS, Fisher ND: Plasma 25-hydroxyvitamin D and 
regulation of the renin-angiotensin system in humans. Hypertension 2010, 
55:1283-1288. 

18. Zhou C, Lu F, Cao K, Xu D, Goltzman D, Miao D: Calcium-independent and 
1,25(OH)2D3-dependent regulation of the renin-angiotensin system in 
lalpha-hydroxylase knockout mice. Kidney Int 2008, 74:170-179. 

19. Deb DK, Sun T, Wong KB, Zhang Z, Ning G, Zhang Y, Kong J, Shi H, Chang A, 
Li YC: Combined vitamin D analog and ATI receptor antagonist 
synergistically block the development of kidney disease in a model of 
type 2 diabetes. Kidney Int 2010, 77:1000-1009. 

20. Zhang Z, Zhang Y, Ning G, Deb DK, Kong J, Li YC: Combination therapy 
with ATI blocker and vitamin D analog markedly ameliorates diabetic 
nephropathy: blockade of compensatory renin increase. Proc Natl Acad 
Scl USA 2008, 105:15896-15901. 

21 . Ohara I, Tanimoto M, Gohda T, Yamazaki T, Hagiwara S, Murakoshi M, Aoki T, 
Toyoda H, Ishikawa Y, Funabiki K, et al: Effect of combination therapy with 
angiotensin receptor blocker and 1,25-dihydroxyvitamin D(3) in type 2 
diabetic nephropathy in KK-A(y)/Ta mice. Nephron Exp Nephrol 201 1, 
117:el24-el32. 

22. Vaidya A, Sun B, Forman JP, Hopkins PN, Brown NJ, Kolatkar NS, Williams 
GH, Williams JS: The Fokl vitamin D receptor gene polymorphism is 
associated with plasma renin activity in Caucasians. Clin Endocrinol (Oxf) 

2011,74:783-790. 

23. Vaidya A, Forman JP, Hopkins PN, Seely EW, Williams JS: 25-Hydroxyvitamin 
D is associated with plasma renin activity and the pressor response to 
dietary sodium intake in Caucasians. J Renin Angiotensin Aldosterone Syst 
2011, 12:311-319. 

24. Wang L, Ma J, Manson JE, Buring JE, Gaziano JM, Sesso HD: A prospective 
study of plasma vitamin D metabolites, vitamin D receptor gene 
polymorphisms, and risk of hypertension in men. Eur J Nutr 2012. epub 
ahead of print (Dec 21'' 2012). 

25. Barreto DV, Barreto FC, Liabeuf S, Temmar M, Boitte F, Choukroun G, 
Fournier A, Massy ZA: Vitamin D affects survival independently of 
vascular calcification in chronic kidney disease. Clin J Am Soc Nephrol 
2009, 4:1128-1135. 

26. Gonzalez EA, Sachdeva A, Oliver DA, Martin KJ: Vitamin D insufficiency and 
deficiency in chronic kidney disease, a single center observational study. 
Am J Nephrol 2004, 24:503-510. 

27. Chen JT, Shiraki M, Hasumi K, Tanaka N, Katase K, Kato T, Hirai Y, 
Nakamura T, Ogata E: 1-alpha-Hydroxyvitamin D3 treatment decreases 
bone turnover and modulates calcium-regulating hormones in early 
postmenopausal women. Bone 1997, 20:557-562. 

28. Gallagher JC, Goldgar D: Treatment of postmenopausal osteoporosis with 
high doses of synthetic calcitriol. a randomized controlled study. Ann 
Intern Med 1990, 113:649-655. 

29. Sairanen S, Karkkainen M, Tahtela R, Laitinen K, Makela P, Lamberg-Allardt C, 
Valimaki MJ: Bone mass and markers of bone and calcium metabolism in 
postmenopausal women treated with 1,25-dihydroxyvitamin D 
(Calcitriol) for four years. Calclf Tissue Int 2000, 67:122-127. 

30. Redgrave J, Rabinowe S, Hollenberg NK, Williams GH: Correction of 
abnormal renal blood flow response to angiotensin II by converting enzyme 
inhibition in essential hypertensives. J Clin Invest 1985, 75:1285-1290. 



31. Shoback DM, Williams GH, Moore TJ, DIuhy RG, Podolsky S, Hollenberg NK: 
Defect in the sodium-modulated tissue responsiveness to angiotensin II 
in essential hypertension. J Clin Invest 1983, 72:21 15-2124. 

32. Hollenberg NK, Chenitz WR, Adams DF, Williams GH: Reciprocal influence 
of salt intake on adrenal glomerulosa and renal vascular responses to 
angiotensin II in normal man. J Clin Invest 1974, 54:34-42. 

33. Wang TJ, Zhang F, Richards JB, Kestenbaum B, van Meurs JB, Berry D, Kiel DP, 
Streeten EA, Ohisson C, Koller DL, etal: Common genetic determinants of 
vitamin D insufficiency: a genome-wide association study. Lancet 2010, 
376:180-188. 

34. Vaidya A, Pojoga L, Underwood PC, Forman JP, Hopkins PN, Williams GH, 
Williams JS: The association of plasma resistin with dietary sodium 
manipulation, the renin-angiotensin-aldosterone system, and 
25-hydroxyvitamin D3 in human hypertension. Clin Endocrinol (Oxf) 201 1, 

74:294-299. 

35. Levin GP, Robinson-Cohen C, de Boer IH, Houston DK, Lohman K, Liu Y, 
Kritchevsky SB, Cauley JA, Tanaka T, Ferrucci L, et al: Genetic variants and 
associations of 25-hydroxyvitamin D concentrations with major clinical 
outcomes. 2012, 308:1898-1905. 

36. Agarwal R: Are vitamin D receptor agonists like angiotensin-converting 
enzyme inhibitors without side effects? Kidney Int 2010, 77:943-945. 

37. Yusuf S, Sleight P, Pogue J, Bosch J, Davies R, Dagenais G: Effects of an 
angiotensin-converting-enzyme inhibitor, ramipril, on cardiovascular 
events in high-risk patients, the heart outcomes prevention evaluation 
study investigators. N Engl J Med 2000, 342:145-153. 

38. Forman JP, Scott JB, Ng K, Drake BF, Suarez EG, Hayden DL, Bennett GG, 
Chandler PD, Hollis BW, Emmons KM, et al: Effect of vitamin D 
supplementation on blood pressure in blacks. Hypertension 2013, 61:779-785. 

39. de Boer IH, Sachs M, Hoofnagle AN, Utzschneider KM, Kahn SE, Kestenbaum B, 
Himmelfarb J: Paricalcitol does not improve glucose metabolism in patients 
with stage 3-4 chronic kidney disease. Kidney Int 2013, 83:323-330. 

40. Ravid M, Brosh D, Levi Z, Bar-Dayan Y, Ravid D, Rachmani R: Use of 
enalapril to attenuate decline in renal function in normotensive, 
normoalbuminuric patients with type 2 diabetes mellitus. A randomized, 
controlled trial. Ann Intern Med 1 998, 1 28:982-988. 

41. Patel A, MacMahon S, Chalmers J, Neal B, Woodward M, Billot L, Harrap S, 
Poulter N, Marre M, Cooper M, et al: Effects of a fixed combination of 
perindopril and indapamide on macrovascular and microvascular 
outcomes in patients with type 2 diabetes mellitus (the ADVANCE trial): 
a randomised controlled trial. Lancet 2007, 370:829-840. 

42. Agarwal R, Acharya M, Tian J, Hippensteel RL, Melnick JZ, Qiu P, Williams L, 
Batlle D: Antiproteinuric effect of oral paricalcitol in chronic kidney 
disease. Kidney Int 2005, 68(6):2823-2828. 

43. Alborzi P, Patel NA, Peterson C, Bills JE, Bekele DM, Bunaye Z, Light RP, 
Agarwal R: Paricalcitol reduces albuminuria and inflammation in chronic 
kidney disease: a randomized double-blind pilot trial. Hypertension 2008, 
52(2):249-255. 

44. Szeto CC, Chow KM, Kwan BC, Chung KY, Leung CB, Li PK: Oral calcitriol for 
the treatment of persistent proteinuria in immunoglobulin A 
nephropathy: an uncontrolled trial. Am J Kidney Dls 2008, 51 (5):724-731 . 

45. Fishbane S, Chittineni H, Packman M, Dutka P, All N, Durie N: Oral 
paricalcitol in the treatment of patients with CKD and proteinuria: a 
randomized trial. Am J Kidney Dls 2009, 54(4):647-652. 



doi:1 0.1 1 86/1 472-6823-1 3-33 

Cite this article as: Brown et al.: Evaluating hormonal mechanisms of 
vitamin D receptor agonist therapy in diabetic kidney disease: the 
VALIDATE-D study. BMC Endocrine Disorders 2013 13:33. 



